The primary purpose of this investigation was to study welding residual stress relaxation by repeated loading. A coupling finite element analysis model for prediction of the welding residual stress and the mechanical stress relaxation after external repeated loads was presented. The accuracy of this model was verified through experiments. Also, it is found that the residual stress of weldment is relaxed by external loads, and the greatest amount of relaxation was obtained by early repeated loads. As the repetition count increased, the amount of relaxation became smaller than the amount of relaxation in the early stage.
I. INTRODUCTION
WELDING residual stress is caused by irregular temperature distribution during welding. Welding residual stress has a great impact on fatigue strength and on the fatigue life of welded structures, and the effects vary by whether the residual stress is tensile or compressive. [1] Tensile residual stress is known to deteriorate the fatigue life of welded structures and cause stress corrosion cracking. For this reason, the residual stress in the weldments after welding of transportation equipment, ships, offshore plants, and steel bridge structures that receive continuous fatigue load is removed by using various methods. The methods for relaxing welding residual stress include postweld heat treatment, mechanical load application, vibration of the weldment, and peening or hammering of the parts with tensile residual stress to cause compressive residual stress on the surface. [2, 3] Among these methods, the mechanical stress relaxation (MSR) method applies an external load to the mechanical component with residual stress and makes the sum of the applied stress and the residual stress reach the yield stress of the material so that the residual stress will be relieved or redistributed. The welding residual stress is gradually relieved even under fatigue or vibration load as well as under a static load, and the relaxation level of the residual stress is known to be determined by the size and number of repeated loads. [4] [5] [6] When assessing the fatigue life of welded structures, the effects of residual stress that affect the fatigue life of the structure must be considered. Especially for the design of steel bridge structures, the repeated load and vibration during use must be evaluated and their effect on the fatigue life must be predicted in the design.
Morrow et al. and Iida et al. studied the relaxation of welding residual stress and stress relaxation mechanisms under repeated load by experimental methods. They researched the effects of the number of repeated loads and the size of the external load on 700-MPa grade carbon steels. [7] [8] [9] Nevertheless, they used experimental methods with fatigue specimens and did not consider residual stress relief problems. Accordingly, in this study, a finite element analysis model for prediction of the welding residual stress for multipass weldments of 1100-MPa high-strength steel and for prediction of the mechanical stress relaxation after external repeated loads was presented and verified through an experimental method. For this purpose, residual stress generated during the welding process was predicted through thermal-mechanical coupling analysis followed by mechanical analysis of residual stress relaxation by repeated loads.
II. EXPERIMENTAL PROCEDURES
For this test, mechanical stress relaxation of 1100 MPa high-strength steel was studied, which is generally used in bridge devices for vehicle transportation, and the mechanical properties and chemical composition of the material are shown in Table I .
To prevent residual stress relaxation during the machining process, a special welding specimen was used as shown in Figure 1 . The detailed welding conditions for the specimen production are shown in Table II . The specimens were welded with pulse GMAW to minimize the welding heat input, which occurs during welding. A K-type thermocouple was used to measure the heat generated during the heating and cooling cycles, and the position is shown in Figure 1 . A universal fatigue testing machine from MTS with the capacity of 100 tons was used to apply the repeated loads, and a strain gage was attached to measure the strain history of the specimens during the test as shown in Figure 2 . A fatigue test with constant load amplitude was conducted under the conditions for repeated loads of 0.1 load ratio and 5-Hz load frequency. Figure 3 shows the S-N line diagrams for the materials and weldments. To check the degree of residual stress relaxation by the size of the repeated load, one load condition was selected for each high-load, low-frequency area (700 MPa) and low-load, high-frequency area (300 MPa) on the S-N line diagrams.
To check the degree of residual stress relaxation by the number of repeated external loads, the repeated load counts of 1 9 10, 2 9 10 3 , and 5 9 10 4 cycles were applied at Dr = 300 MPa and 1 9 10 and 2 9 10 3 cycles at Dr = 700 MPa.
The degree of the residual stress relaxation by the repetition cycle count under constant fatigue load was measured with a portable X-ray diffractometer (XRD) device, and the measurement positions are shown in Figure 1 . For measuring residual stress, the specimen surface was exposed for 10 seconds with two angles of 30 and À30 deg. A standard sin 2 w technique was employed. 
III. FINITE ELEMENT MODEL AND SIMULATION
A. Welding Process
Heat input model
A volumetric heat source with a double-ellipsoidal distribution model is applied as the heat from welding and is expressed by the following equations. [10] For the front heat source: 
½1
For the rear heat source: 
½2
f f is the parameter of front heat deposition, and f r is the parameter of rear heat deposition parts. The temperature distribution in front and rear parts is expressed by the following equation. x¢, y¢, and z¢ are the local coordinates of the heat model:
The parameters a, b, c 1 , and c 2 are very close to the welding heat source characteristics, [10, 11] and those parameters used in this study are summarized in Table III . Q w is the power of welding heat source calculated from the welding current, voltage, and arc efficiency (0.9 in this study). [4] The welding heat source power is determined using the following equation (Table IV) :
As shown in Figure 4 , a 20 pct ramp ratio is used to increase the convergence rate at the start and end of the welding FEA. [12] 2. Heat transfer analysis During welding, the governing equation for transient nonlinear heat transfer is:
Heat losses due to convection and radiation are considered in the finite element models. All surfaces of the model are assumed to lose heat by convection to the surrounding air. Heat loss due to convection is accounted for using Newton's law, [6, 12] and a temperature-dependent film coefficient is adopted. The ambient temperature is assumed to be 298 K (25°C):
Here, h c is the heat transfer coefficient, T s is the surface temperature, and T 0 is the ambient temperature. The heat loss due to radiation is modeled using the Stefan-Boltzmann law: [13] 
Here, e is the emissivity and is assumed to be 0.2. [14] r is the Stefan-Boltzmann constant. Thermal conductivity and specific heat are the function of the temperature-dependent thermal properties used in this study. To make the correct moving weld heat source, element activation and deactivation methods are used for the weld deposition model. Each weld bead geometry data and welding parameters are taken from experiment data. The value of the latent heat is 270 J/g. The liquidus temperature T L and the solidus temperature T S are assumed to be 1773 K and 1723 K (1500°C and 1450°C), respectively. [14] 3. Mechanical analysis Elasticity modulus, yield stress, and strain are the function of temperature-dependent properties, and they are used for mechanical analysis. The steel phase transformation effect on welding deformation and residual stress are taken into account with three components as follows: [15] e total ¼ e e þ e p þ e th
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Here, e e , e p , and e th are the elastic, plastic, and thermal strains, respectively. Hooke's law is used for the model of the elastic strain with temperature-dependent elastic modulus. For the model of plastic strain, temperature-dependent yield stress is employed. The temperature-dependent properties are described in Figure 5 . Work hardening is not taken into account in the present study.
B. Residual Stress Relaxation Model by Load Cycle Count

Mechanical stress relaxation mechanism
When an external load is applied to a member with residual stress, the residual stress is relaxed if the sum of the applied stress by an external load and the residual stress exceeds the yield stress of the material. Figure 6 (a) shows a schematic illustration where the external load P is applied to a cylinder for which the compressive residual stress r rs (s) is applied to the surface and the tensile residual stress r re (i) is applied to the inside. Assuming that there is no work hardening, when the tensile load P is applied, the surface stress r s , the central stress r i , and the combined stress r t increase linearly together with the tensile strain e. r i reaches the yield point of the material with a strain smaller than the surface, and r t makes a plastic line diagram with continuous load after reaching the tensile combined yield point r y (t) of the center and surface. Therefore, when a tensile stress greater than the combined yield point is applied, a stress relaxation effect can be obtained from the center and surface. The residual stress relaxation due to mechanical loads is only possible within the pro-hatched area of Figure 6 (b). The residual stress relaxation mechanism by fatigue load can be represented on a Dr-N line diagram as shown in Figure 6 . In the high-load, low-frequency area, residual stresses relaxation occurs when the sum of the applied stress and the residual stress exceeds the yield stress, as with the model in Figure 7 . For residual stress relaxation in the low-load, high-frequency areas, Dr and the cycle count N are important variables. In particular, residual stress relaxation is large in the first or several fatigue cycles, and an increase of the cycle count brings about exponential or algebraic relaxation. [16] The degree of residual stress relaxation is determined by the size of the applied load. Furthermore, residual stress is known to be relaxed in the fatigue load area where the fatigue load is very low. Major relaxation mechanisms make local temperatures rise by high cycles, and stress concentrations that occur at the grain diameter crossing point, potential contact, and phase boundary, which generate local plastic flow, thereby cause residual stress relaxation. At this load level, residual stress relaxation has a large time dependence and is characterized by a very small relaxation amount as the residual stress relaxation is caused by local micro plastic flows. [5, 16] 2. Residual stress relaxation model Han et al. [16] proposed the following relational expression regarding the load repetition count under constant amplitude load and the relaxation of welding residual stress. Under the assumption that the major factors influencing the residual stress relaxation of welded structures under fatigue load are stress range and load count, an experiment of residual stress relaxation characteristics was conducted with the knowledge that the greatest relaxation occurs at the first or several number of load repetitions and the relaxation gradually decreases in accordance with the repeated load count after that was expressed as a power function as shown;
where (r res ) 1cycle refers to the residual stress after relaxation after the first repetition count, N the load repetition count, and K the relaxation index. The residual stress value after welding was divided by the result after the first load cycle. (r res ) 1cycle can be represented as a percentage of the initial residual stress (r res ) ini through a static load test. If the sum of (r res ) ini and the external load by the applied stress exceeds the yield stress of the material, the amount of the residual stress relaxation is determined by the degree of the excess. In other words, as [(r res ) ini + r app ]/r y increases, [(r res ) 1cylce /(r res ) ini ] decreases linearly, which can be expressed as follows:
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This is the result of measuring the size of residual stress relaxation while applying a fatigue load to determine the relaxation index K. (r res ) relax /(r res ) 1cycle showed a gradually decreasing trend until the load repetition count N reached 10 7 cycles and K was determined to be 0.0045. When this value is substituted in Eqs. [8] through [10] , the size of residual stress relaxed under the fatigue load (r res ) relax can be expressed as the term [(r res ) ini + r app ]/r y :
In this study, a 3D finite element model was developed to simulate welding residual stress. The numbers of elements and nodes in each model are 12,324 and 15,114, respectively. A coupled thermomechanical analysis is used to calculate the welding residual stress induced by the multi-ass welding process. The shape of the groove and the weld passes of each model are shown in Figure 8 .
To verify the relaxation of residual stress of the weldments by repeated fatigue loads after the welding process analysis, the load values assigned by the MTS system were given as load over time to the finite element analysis model, as shown in Figure 9 . Mechanical analysis was used, and to minimize errors that may occur in the early stage of analysis, a strain gage was attached as shown in Figure 2 , and the repeated load condition was applied after comparing the stress response results by load with the analysis results. The finite element analysis was performed using MSC.Marc.
IV. RESULTS AND DISCUSSION
The analysis results were presented as shown in Figure 10 . The temperature histories of welding are shown in Figure 11 . The results showed that temperature distributions were well matched with the experimental measurements. The residual stress of the weldments was measured with XRD, and these measurements were compared with the analysis results in Figure 12 . As a result of the comparison, the measurement results agreed well with the prediction results of the finite element analysis. Figure 12 shows the changes of residual stress according to load repetition count at the stress levels of Dr = 300 and 700 MPa by comparing the XRD measurement values and the finite element analysis. In every case, the residual stress of weldments was relaxed greatly at 1 9 10 cycles, and the increased repetition count did not have a significant effect on the amount of relaxation of the residual stress.
The residual stress does not exist as a constant size in the weldments, but compressive and tensile residual stresses coexist while maintaining equilibrium. If a load of a certain size is applied to the outside, a relaxation effect appears when the sum of the applied stress by the external load and the residual stress reaches the yield stress of the material. At this moment, the local plastic strain is generated as a dislocation slip inside the grains and the residual stress is relaxed as the residual stress remaining as elastic strain is converted into plastic strain. The results of this study found the greatest residual stress relaxation effect at the 1 9 10 cycles, and after which, no great effects were found regardless of the number of cycles. This suggests that when the potential moves inside the grains by plastic strain through the slip system, but due to the limitations of this slip system and the potential density, no effects of residual stress relaxation can be obtained from 1 9 10 cycles or higher loads.
V. CONCLUSION
In this study, a model for predicting the accurate fatigue life of high-tension steel weldments used in steel bridge structures that are subjected to repeated loads was developed considering the effects of mechanical residual stress relaxation. For this purpose, a thermal-mechanical coupling analysis model for predicting the residual stress of weldments and a mechanical analysis model for the relaxation of mechanical residual stress were presented. The accuracy of these models was verified through experiments.
Based on the experimental measurements and the simulated studies, the results can be summarized as follows:
1. The residual stress of weldments is relaxed by external loads, and the greatest amount of relaxation was obtained by early repeated loads regardless of the load size. As the repetition count increased, the amount of relaxation became smaller than the amount of relaxation in the early stage. 2. The residual stress relaxation model proposed in this study is expected to be applied for prediction of the fatigue life of actual welded structures.
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